ABSTRACT. The results of measuring relative brine content (Q lm ) in the liquid phase of frozen sea water at temperatures between -28 8C and -438C with variable rate and direction of temperature change are presented. Various pulsed and steady-state nuclear magnetic resonance (NMR) methods are used and the results are compared with data in the literature. Temperature dependences of Q lm in sea water with dry NaCl added are given. Quasi-hysteresis corresponding to the crystallization range of certain seawater salts, mainly NaCl, which partially precipitates as the crystalline hydrate NaClÁ2H 2 O at temperatures below -238C, is detected in the temperature dependence of Q lm . The reasons why Q lm values, under various experimental conditions, differ from data in the literature are explained. Brine salinity (S) is calculated from the relative intensity of NMR signals of Q l , and agrees well with previously published data over a wide temperature range. It is shown that determining Q lm from base measurements of Q l in ice does not require information about brine salinity. Empirical equations for calculating brine content at different sea-water temperatures and salinity are given.
INTRODUCTION
Knowledge of brine content in sea-ice pores and brine composition under various sea-water freezing conditions is important for understanding the formation of the physicochemical properties of sea ice. The volume of sea-ice brine and ice porosity determine heat exchange processes between sea water and atmosphere via the ice surface, especially at the polar ice caps. These processes strongly influence Earth's climate.
Numerous studies have investigated the freezing processes of sea water and aqueous solutions (e.g. Ringer, 1906; Gitterman, 1937; Nelson and Thompson, 1954; Thompson and Nelson, 1956; Assur, 1958; Pounder, 1965; Richardson and Keller, 1966; Doronin and Kheisin, 1975; Richardson, 1976; Bogorodskiy and Gavrilo, 1980; Cox and Weeks, 1983; Cho and others, 2002; Maus, 2007) . The content and salinity of the liquid phase in sea-ice pores (brine) are complex functions of ice temperature, brine salinity, freezing rate and age of the ice. The mechanical strength of the ice depends on brine salinity and ice porosity. Liquid-phase salinity increases with decreasing temperature and can reach values of $218.6-226.6% at temperatures below -228C (Gitterman, 1937; Assur, 1958; Bogorodskiy and Gavrilo, 1980) . Brine properties near eutectic points have been insufficiently studied even for salt and water binary systems, to say nothing of such a complex natural material as sea water. This lack of information creates problems for detailed investigations of various aspects of the interaction between water molecules and solutes in brines, especially the formation of crystalline hydrates in brine and on sea-ice pore walls, on which the thermophysical properties of ice depend. Sea-water freezing processes are most often studied in model systems. Stable thermodynamic equilibrium is usually calculated for this purpose (e.g. Herut and others, 1990; Spencer and others, 1990; Perovich and Gow, 1996; Akinfiev and others, 2001 ); experimental methods (dielectric and calorimetric measurements, including differential calorimetry) are also used (Rasmussen and others, 1997) . Concepts of the sea-water freezing mechanisms differ concerning precipitating crystalline hydrates and their quantity. Thermodynamic conclusions about the formation of ice and salts are made on the basis that heat is evolved or absorbed, and by comparing sea water with solutions of individual salts. However, thermodynamic calculations cannot serve as direct proof of the formation of specific crystalline hydrates, or of their quantity and sequence of precipitation, because during heat evolution (absorption) a shift of ionic equilibrium occurs in a multicomponent ionic system, which initiates new processes. Ice formation of solutions can be studied more reliably under laboratory conditions, which allow many uncontrollable factors (e.g. changes in weather conditions) to be eliminated. The method traditionally used to study brine of frozen sea water (Gitterman, 1937; Thompson and Nelson, 1956) , based on analysis of the quantity and composition of drained brine, is imperfect owing to partial losses of brine. Perhaps for this reason, the results of experiments by different investigators are not always in agreement.
Nuclear magnetic resonance (NMR) by protons and other nuclei is a better method for studying sea-water freezing processes because it is non-destructive and does not require brine drainage or the addition of chemical reagents. NMR determination of brine content was first used by Richardson and Keller (1966) . Results of studies of phase relationships in sea ice as a function of temperature are given by Richardson (1976) . This method is presently widely used to study the porosity of natural sea ice, including under field conditions (e.g. Edelstein and Schulson, 1991; Callaghan and others, 1999; Eicken and others, 2000; Menzel and others, 2000) .
Mel'nichenko and others (1981) measured the temperature dependence of the amount of liquid phase (brine Q l ) during freezing of samples of natural sea water, using the pulsed NMR method. The advantage of this method over the steady-state method stems from the fact that the magnitude of the free induction signal, after acting on a sample with a 908 electromagnetic pulse at resonance frequency, is proportional to the quantity of protons in the liquid-phase volume, but does not depend on relaxation times (T 1 , T 2 ) or other factors. This is not so for determination of Q l from the total intensity of the spectral absorption line in the steady-state NMR method as utilized by Richardson and Keller (1966) .
It has been shown by Richardson (1976) that the amount of liquid phase in frozen sea water depends on the rate and direction of temperature change. The temperature dependence of Q l near the eutectic point for NaCl exhibits hysteresis, so Q l values do not coincide with temperature decrease or increase. The literature on brine content in frozen sea water pertains mainly to experiments in which the brine content was determined using NMR during an increase in the temperature of ice initially cooled to -608C; ice at -608C was assumed to be in a completely solid state. Under natural conditions, however, sea ice forms in an environment of decreasing temperature. According to our experimental data, there is a noticeable amount of liquid phase in ice even at -708C.
If the formation of crystalline hydrates and their subsequent precipitation in sea-ice brine pertains strictly to phase transition of the first kind, then in accordance with the laws of thermodynamics, there should not be hysteresis behavior in the temperature dependence of relative mass of brine (Q lm ) near the NaCl eutectic point because there is only one degree of freedom, temperature. At the same time, the pressure in ice cells can differ from the atmospheric pressure, so that squeezing of brine onto the ice surface with the formation of 'salt flowers' is often observed under natural conditions. In addition, the pressure within ice cells may differ from atmospheric pressure owing, in particular, to blockage of ice canals by precipitated salts.
Analysis of the available brine content data at temperatures between the freezing point and the NaCl eutectic temperature shows no significant differences, i.e. the brine content changes little over this temperature range. However, the data for the interval -8 to -218C given by Richardson (1976) differ significantly from earlier data (e.g. Assur, 1958; Tsurikov and Tsurikova, 1972) . It is evident that comparison of the relative brine content (Q l ) found from the relative intensity of NMR induction signals and from the Q lm by chemical analysis does not show agreement and that additional experimental data are therefore needed. Moreover, published experimental eutectic temperatures (T e ) for sea water and for various NaCl solutions (corresponding to characteristic breaks in graphs of temperature dependences of Q lm ) differ substantially. For example, a value of T e equal to -218C for sea water is given by Cho and others (2002) , while according to the data of Franks (1973) , Doronin and Kheisin (1975) and Bogorodskiy and Gavrilo (1980) , T e values for NaCl and sea water respectively are -21.9 and -22.98C. For this reason we conducted additional experiments varying the direction of temperature change, and not excluding the supercooled state of sea water.
To develop investigations begun earlier (Mel'nichenko and others, 1981) and to explain why data obtained on this subject by other authors differ, we present the results of additional experiments to study the temperature dependence of the relative content and mass of brine by varying the direction of temperature change. We include experiments with NaCl dissolved in the sea water before it freezes. We study the temperature dependence of proton magnetic relaxation time in the liquid phase of frozen sea water within the temperature range of sea ice under natural conditions. This approach, combined with earlier investigations, makes it possible to detail sea-water freezing mechanisms. The main purpose of these additional experiments is to inspect the hysteresis behavior in the temperature dependence of Q lm near the NaCl eutectic point.
METHODS
The method is based on measuring the amplitude of nuclear induction signals from water protons after 908 single excitation radio-frequency pulses at the resonance frequency. The amplitude of these signals is proportional to the number of resonating nuclei (protons) in the sample volume and, accordingly, to the number of water molecules. An increase in the amplitude of induction signals with decreasing temperature due to an increase of the tuned-circuit Q-factor is easily taken into account by a predetermined coefficient. The nuclear induction signals from water protons in the solid phase of ice are not recorded by the pulsed NMR method owing to the different (by 5-6 orders of magnitude) widths of the spectral lines from solid and liquid phases.
Measurements were taken on three spectrometers:
1. Measurements at St Petersburg State University were made using a coherent pulsed NMR spectrometer with a signal-to-noise (S/N) ratio of 5 Â 10 3 from 1 cm 3 H 2 O with stabilization of resonance conditions and digital indication of the amplitude of nuclear induction signals and time intervals. The errors in determining the amplitude of the signals and relaxation time were 1% and 2% respectively, and temperature errors were <0.2 K. The sample was cooled using liquid nitrogen vapors that bathed the ampoule with the sample from the top and bottom to eliminate a temperature gradient along it. The temperature of the sample was taken equal to the temperature of the coolant in a Dewar flask, measured by a calibrated thermocouple located next to the lower end of the ampoule since direct measurement in the sample is impossible when the spectrometer is operating. Control measurements, using a platinum thermal resistor isolated from sea water, of the temperature of the coolant and water in the sample, taken with the spectrometer receiver and transmitter disconnected, gave a discrepancy not exceeding the indicated error at -608C. The amplitude of the nuclear induction signals after each temperature change was measured only after establishing equilibrium, when the values did not change for 15-20 min. Surface water from the Atlantic with salinity %35% was investigated. The ampoule with the sample had a diameter of 10 mm, the volume of the sample was $1 cm 3 and the resonance frequency for water protons was 20 MHz.
2. Analogous experiments supplemented with measurements of the relaxation rate were carried out on an apparatus assembled by the author with proton stabilization of resonance conditions and approximately the same error in determining the amplitude, relaxation time and temperature. For automatic proton stabilization we use an additional receiver magnet coil with an ampoule of LiCl solution. Signals of proton absorption are governed by current strength in the additional magnet winding for cup-lock resonant conditions. The increase in error is related to a decrease in the amplitude of the nuclear induction signals due to a decrease in brine content. A technical signal accumulation procedure for increasing the S/N ratio was not used in the experiments, because this ratio is quite sufficient for these determinations. Water from the Philippine Sea with approximately the same salinity as in the experiments on the first apparatus was investigated. The inside diameter of the ampoule was 15 mm, sample volume was $1.5 cm 3 and resonance frequency for water protons was 13.509 MHz.
3. We conducted additional experiments to study the temperature dependence of Q l in frozen sea water, on an AV-300 NMR spectrometer (Bruker spectrometer) at the Institute of Chemistry, Far East Branch, Russian Academy of Sciences, Vladivostok. The resonance frequency for protons was 300 MHz and the sample volume was $0.5 cm 3 .
The relative liquid-phase content in these experiments was determined from the total intensity of the spectral absorption line. The trend of the temperature dependence of signal intensity from room temperature to sea-water freezing temperatures, including the region of supercooled state and considering that the content of protons within the sample remains constant, was taken into account when correcting the change in signal intensity caused by an increase in the received tuned-circuit Q-factor upon a decrease in temperature. This distinguishes our method from others used in preceding work (e.g. Cho and others, 2002) in which the relative intensity was reduced to room temperature. At high frequencies the procedure used compensates the decrease in NMR signal intensity owing to dielectric losses in highly concentrated brine. The error in determining the integrated absorption line intensity was $1%. The temperature change of the chemical shift at a rate of -0.03 ppm K -1 had practically no effect on the integrated spectral absorption line intensity.
Experiments (using method 3 above) were conducted on sea water from Peter the Great Bay (salinity 31.809%) and the Sea of Okhotsk (33.566%) with mass 75.159 g, in which 4.3829 g NaCl of very pure grade 12 was dissolved. Oxygen dissolved and adsorbed on the ampoule glass, which had a considerable effect on relaxation rate, was thoroughly removed prior to relaxation measurements, by multiple repetition of the freezing-vacuum-pumping-thawing-heating cycle. This procedure was not used in experiments to determine the brine content by the pulsed method since, as mentioned above, the intensity of nuclear induction signals after single excitation RF pulses does not depend on relaxation time. Figure 1 shows the temperature dependence of Q lm in frozen sea water according to averaged data from experiments on apparatuses 1 and 2 (solid curves 1-3), assuming the same errors and experimental conditions. Results of additional experiments on apparatus 3 are also included. The new results, and previous results, are in agreement with the literature data (Table 1) , with account taken of the differences in sea-water salinity.
RESULTS AND DISCUSSION
Q l is the quantity of liquid phase in the ice volume, calculated as Q l = A t /A 0 , where A t and A 0 are amplitudes of the NMR induction signals (or integral intensity of absorption in the spectra line) at temperature t and at freezing point in liquid state. A difference between our results and Richardson's (1976) data is observed in the interval from -8 to -248C. One possible cause of this discrepancy is a disparity between brine salinity from Nelson and Thompson (1954) and the actual salinity when calculating the mass of brine. Nelson and Thompson's salinities are lower than Gitterman 0 s (1937) in this interval (Tsurikov and Tsurikova, 1972 Figure 2 , and Table 2 . The relative mass of brine Q lm was calculated on the basis of Q l by Richardson and Keller (1966) using
In contrast to Richardson and Keller (1966) , we did not use literature data for S br or density. These values are found from Q l determinations on the basis of
where t is the portion of salts remaining in brine and is unity for conditions not taking account of precipitated salts. The dependence of the relative mass of brine on the salinity of sea water before freezing at different temperatures, according to our data and the literature data, is plotted in Figure 4 . For sea-water salinity at 3% and 10% we used Richardson and Keller's (1966) data and other data in the literature, as indicated in Table 1 . Differences from the linearity law may be due not only to experimental errors but also to a manifestation of the effects of achievement boundaries of complete ion hydration in brine at salinity $80-90% (Mel'nichenko, 2007). The temperature dependencies of Q lm in frozen sea-water brine have two distinctive features: (1) a clearly expressed and sufficiently known break of the curves near the NaCl eutectic point and (2) temperature hysteresis, the extent and character of the curves of which were highly dependent on freezing conditions. We also observed temperature hysteresis in new experiments. Comparing the curves for different initial sea-water salinity (31.809%, 35% and 86.81% before freezing), we see that the range of the hysteresis loop is proportional to the sea-water salinity (Figs 1-3) .
The graph changed most abruptly upon sharp cooling of the sample to -218C. Conversely, when freezing was initiated at -2.38C, after holding and shaking the ampoule for 30 min, the steepness of the slope of the curves below -248C decreased more slowly, and also decreased for the sample with a lower initial sea-water salinity (31.809%). The steepness of this slope, also as a hysteresis loop, is in accordance with the salinity of freezing sea water. A supercooled state was observed during a smooth temperature decrease of sea and distilled water to -16 to -188C, as in the pure-water relaxation experiments of Hindman and others (1973) . We did not add a n-heptane emulsion sample, although this is sometimes done when studying the supercooled state of water (Mel'nichenko and others, 2009 ).
On average, discounting the possible influence of effects related to supercooling of sea water obtained under laboratory conditions, which does not occur under natural conditions, the eutectic point for NaCl in sea water is $-238C, which agrees with the bulk of literature data (e.g. Doronin and Kheisin, 1975; Bogorodskiy and Gavrilo, 1980) , but not the data of Cho and others (2002; T e = -218C). The shift of the eutectic point in sea water relative to the single-component NaCl solution, occurring at -21.98C (Franks, 1973) , is due to the combined influence of the remaining sea-water components, as noted above.
Mel'nichenko and others (1981) indicated an average temperature of the characteristic break (T e ) on the graph of temperature dependence of sea water of $-248C. The shift by 18C relative to the values most often mentioned in the literature can be related both to experimental errors, due to lack of uniform temperature intervals between adjacent points and manual approximation of the temperature dependence graphs, and to the meta-stable character of the formation of crystalline hydrates in brine and their precipitation. This may explain why sea water T e = -218C is obtained in the results of experiments (Cho and others, 2002) . It may also explain the break in the curve of temperature dependence of the brine content by Richardson and Keller (1966) at $-228C and by Richardson (1976) at $-238C. According to Assur (1958) , breaks occur in the seawater phase diagram at -238C and not at -218C, as was also exhibited in graphs of the relative content of NaCl by Bogorodskiy and Gavrilo (1980) . But according to other data, the characteristic temperature is -248C (Ringer, 1906) and -22.48C (Nelson and Thompson, 1954) . In our experiments, a break was observed even at -258C during a smooth temperature decrease (curve 1 in Fig. 1 ) and above -338C for sea water with NaCl. Cooling from -218C
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Heating from -438C with NaCl Cho's experimental data do not indicate the existence of hysteresis in the temperature dependences of the liquid phase in pores of frozen sea water (Cho and others, 2002, p. 11 229) . Furthermore, in experiments with 1 H and 23 Na nuclei, the temperature at which a break occurs in the graphs for the NaCl solution and sea water coincided. For single-component aqueous solutions with an equal number of cations and anions, this is completely explicable and in agreement with the thermodynamics of phase transitions. But in a complex ion system of concentrated sea-ice brine with a diversity of ions and ion concentrations, the absence of hysteresis on the curve of the temperature dependence of the brine content is not evident.
It should be pointed out that the possible partial lack of correspondence of the ice and coolant temperatures with the natural invariability of ice temperature during phase transitions could be one of the causes of the observed hysteresis, since the temperature of the sample was taken as equal to the coolant temperature, assuming the ampoule was held for a sufficiently long time at the prescribed temperature. However, as the results of our control experiments showed, this cannot be the main cause of the observed effects.
The similar values of relative brine content and mass obtained in our experiments with ice temperature increasing from -438C, compared with the results obtained earlier with a smooth temperature decrease from the sea-water freezing point, support the absence of hysteresis. However, the values of Q lm with a temperature increase from -608C to -248C (curve 3 in Fig. 1 ) are close to Richardson's and Cho's data, even considering the differences in initial sea-water salinity. This may be a manifestation of meta-stability of the formation and dissolution of crystalline hydrates near the NaCl eutectic point, which depends on sea-water freezing conditions. An additional contribution to meta-stability may be a manifestation of the thermal-diffusion cross effects of Dufour and Soret, connected with sharp changes in salt concentration near eutectic points. The meta-stability of crystalline hydrates can explain the different slopes of the curves at temperatures close to and below the NaCl eutectic point for various sea-water freezing conditions (curves 1 and 2 in Fig. 1 ) and the considerable scatter in the Q lm versus sea-water salinity data at T < -248C (Fig. 4) .
According to Tsurikov and Tsurikova (1972) , the mass of brine should increase with increasing sea-water salinity. Apparently, the barely noticeable change in slope of the curves of Q lm versus sea-water salinity is due to the narrow interval of sea-water salinities before freezing (31.8-35%). Actually, dissolution in sea water of the amount of NaCl indicated above resulted in salinity increasing to 86.818% and Q lm more than doubling.
The results of experiments with NaCl added to sea water and with natural sea water, given separately in Figure 3 , showed that the limits of the region of the supercooled state with excess NaCl broadened considerably in accordance with Raoult's second law, connecting the freezing point of a water solution with its concentration. The liquid-phase content in such ice, both with a temperature decrease and increase, was about twice as high as in ice of ordinary sea water. Hysteresis behavior in Q l in ice is evidenced by the discrepancies in its value at increasing and decreasing temperatures near the eutectic point of the main salt of sea water. The discrepancy in the values of Q l in the hysteresis loop also increased with decreasing and increasing temperature. But the location of the eutectic point ($-238C) with increasing temperature of frozen sea water with added NaCl remained practically unchanged compared with experiments with sea water having a natural salt content. This indicates the primary precipitation of NaClÁ2H 2 O at this temperature.
The occurrence of a temperature hysteresis loop in the curves can be explained by two factors. The first is the nonequivalence of ion exchange during differently directed temperature actions, while the formation and dissolution of crystalline hydrates from ion composition are taken into account. This applies especially to sea water, i.e. to a solution which, unlike simple water solutions, does not solidify entirely at one temperature. That is, the eutectic point in ice brine implies the temperature only at the start of crystallization of hydrates. The second factor may be related to the meta-stability of the formation of crystalline hydrates in ice brine with a corresponding difference in heat absorption and evolution that can lead to different values of Q l under different sea-water freezing conditions. The relatively weak manifestation of possible temperature hysteresis near -88C may not have been noticed due to the substantially different amount of Na 2 SO 4 Á10H 2 O and NaClÁ2H 2 O precipitates. In addition, precipitated salts, mainly crystalline hydrate NaClÁ2H 2 O, may block small ice canals.
To establish the factors influencing the formation of brine salt content, we calculated brine salinity on the basis of directly measured liquid-phase content (Q l ), considering the initial salinity of the sea water before freezing (S w ) using Eqn (2). The coefficient t in this equation, corresponding to the portion of salts remaining in brine, was determined as
in which
S w and (1000 -S w ) are the masses of salts and water in 1 kg of sea water before it freezes. Assur's (1958) and Nazintsev's (1974) averaged data given in the 1977 Russian oceanographic tables can be taken as the standard (Table 3) values of S l . Thus, we can calculate the value of t 0 if we consider Cox and Weeks' (1983) data to be more accurate based on the results of Nelson and Thompson's (1954) analyses. The value of t can be taken as unity for temperatures of the order of -23 to -248C (while there is no perceptible formation of crystalline hydrates).
The temperature dependences of salinity calculated on the basis of Q l are given in Figure 5 and Table 3 , along with points corresponding to ice brine salinities taken from the literature.
The calculated salinity values within temperature limits from 08C to -23 to -248C agree well with the literature data. The closeness of t to unity, considering the scatter of the experimental data within the error limits of the experiments, is confirmed by the data in Table 2 . (The values of t calculated on the basis of salinity values according to Cox and Weeks' (1983) data and the salinity values themselves in Table 3 are marked by a prime.) As is seen from the data given above, when determining the relative mass of ice brine Q lm from the results of measuring Q l by the pulsed NMR method in the temperature range from 08C to -238C under natural conditions, there is no need to resort to brine salinity values since salinity is determined by Eqn (2) and brine mass by Eqn (1). Tsurikov and Tsurikova (1972) provide a formula for calculating brine mass based on the sea-water freezing point. It is simpler to calculate the relative mass of brine by empirical equations of the dependence of the relative mass on ice temperature and not on the freezing point of concentrated sea water. Theoretically, we might expect temperature to decrease with brine content exponentially. But the precipitation of salt from an ionic solution is not analogous to the same process with a simple water solution, and may well be handled with more precision by a polynomial presentation.
The empirical equation error of 2% of the temperature dependence of the relative mass of brine with various initial sea-water salinities (assuming a linear dependence on salinity) for the temperature intervals -2 to -108C, -10 to -238C and -23 to -358C respectively can be represented as
CONCLUSIONS
Taking into account the literature data and our results, we conclude that the main characteristic of the sea-water freezing mechanism and formation of the salt composition of ice brine is the generation of crystalline hydrates of salts, mainly NaClÁ2H 2 O, partially precipitating from brine at temperatures below -238C. Precipitation of calcium carbonate and sodium sulfate from ice brine in the temperature interval from the freezing point to the NaCl eutectic point has practically no effect on the salinity of sea-ice brine, but the phase diagram of sea ice must be in accordance with the salinity of freezing sea water.
Hysteresis in the temperature dependence of the relative brine content and relaxation time is due to meta-stability of the formation of crystalline hydrates, which can lead to differences in the values of the content of ice brine and its salinity at the same ice temperatures near the NaCl and Na 2 SO 4 eutectic points, especially when there are sharp changes in the rate of ice formation and direction of temperature change. An additional contribution to the occurrence of hysteresis may be in manifestation of thermal-diffusion cross effects near the eutectic points (Bogorodskiy and Pnyushkov, 2007) and in blocking of ice shells by precipitated salts. (Assur, 1958; Nazintsev, 1974) . and 0 : proportion of salts remaining in brine on the basis of our results and using Cox and Weeks (1983) . S Rich : salinity (Richardson, 1976) . S avr : average means (S l , S l 0 , S tabl ).
